Cardiac allograft vasculopathy (CAV) accounts for major morbidity and mortality late in the heart transplant (HTx) history. The role of antibodies (Abs) directed against human leukocyte antigens (HLA) and non-HLA antigens in the pathogenesis of CAV are still under investigation.
Introduction
Cardiac allograft vasculopathy (CAV) is a major risk factor for morbidity and mortality after heart transplantation (HTx) and occurs in 8-10%, 18-19% and 32-50% within the first, third and fifth year, respectively [1] . As a multifactorial disease CAV is induced by non-immunologic factors, e.g. donor age, hyperlipidemia, hypertension, cytomegalovirus (CMV) infection or donor age, or immunologic risk factors, e.g. cellular and humoral rejection [2] .
Acute Cellular Rejection has been proven to be immunologic risk factor for the development of CAV [3] . Whereas humoral immune responses compromise (1) mismatched donor human leukocyte antigen (HLA) [4] , (2) post-transplant developing donor-specific antibodies (DSA) [5] and (3) de novo post-transplant not donor specific HLA-Abs [6] .
A direct pathogenic effect of Abs against the non-HLA major-histocompatibility complex class Irelated chain A (MICA) is currently under discussion as study results show both an effect of cardiac allograft failure or an increased graft survival of MICA-Abs positive patients [7] .
More recently, antibodies targeting against other non-HLA antigen like the angiotensin II type 1 receptor (AT1R) and the endothelin receptor A (ETAR), have shown to play a role in several severe alloimmune and autoimmune pathologies ranging from renal allograft rejection [8] to microvasculopathy in systemic sclerosis [9] and in cardiac transplants [10] .
In this context we analyzed antibodies directed against HLA-class I and II antigens and directed against non-HLA antigens MICA, AT1R and ETAR in maintenance HTx recipients with CAV in comparison to recipients without CAV. The purpose of this pilot study was to gain further knowledge about the involvement of these antibodies in CAV and, furthermore, to identify recipients at risk for development of CAV after HTx.
Materials and methods

Patient population
Initially, 153 HTx recipients were investigated during their routine follow-up in our department. All recipients with an up-to-date coronary angiogram, known donor-HLA status and performed antibody diagnostic were included in this study ( Figure 1 ). Written informed consent to use serum samples for research purpose was obtained from each patient. The institutional review board of the University hospital Leipzig approved the study. 
Coronary angiography
All recipients included in this study underwent coronary angiography after HTx to diagnose epicardial CAV based on ISHLT recommended guidelines and the standardized nomenclature [25] . Coronary angiography is done by protocol in our center starting after one year post-transplant and every other year thereafter if CAV is not detected.
Endomyocardial biopsies
Endomyocardial biopsies were routinely done by protocol six times in the first year post-transplant (day 14 and month 1, 3, 6, 9 and 12) and once per year in the following years out of the right ventricle. Classification of ISHLT working formulations 1990/2004 were used for histological grading of acute cellular rejection [26] . For this study the highest treated BPAR after HTx till study time point was documented.
Immunosuppressive therapy
All patients received induction therapy with ATG (1mg/kg body weight on day 0). Initial immunosuppression consisted of a triple drug regimen. Immunosuppression following cardiac transplantation has traditionally comprised a calcineurin inhibitor in combination with mycophenolate mofetil or azathioprine and corticosteroids.
Treatment of BPAR in our center was as follows: BPAR grade 1A (ISHLT 1990) was not treated and all other BPAR grade 1B/1R or higher (ISHLT 1990 (ISHLT /2004 ) were treated with a daily steroid pulse of 500mg methyl-prednisone for 3 days, followed by oral steroid doses of 50mg twice daily tapering down every three days by half of the dose till the standard steroid maintenance therapy is reached (5mg/day). ATG (1mg/kg/body weight for 1 to 3 days) was administered in case of steroid-resistant acute cellular rejection or in case of any cellular rejection with hemodynamic compromise.
Serologic screening
Sera were obtained from HTx recipients to determine HLA-and non-HLA-Abs. HLA-and MICA-Abs were screened with LABScreen® Mixed Class I, II and MICA (BMT GmbH, Meerbusch-Osterrath, Germany) according to manufacturers' instructions. Acquisition and analysis were performed with Luminex®200™ and HLA Fusion™ Software. Cut-off value for positive results was set to 3.0. For detection of DSA and specific characterization of HLA-and MICA-Abs, positive sera were further analyzed with LABScreen® Single Antigen HLA class I, class II or MICA Detection Tests (BMT GmbH) and a cut-off value for mean fluorescence intensity (MFI) at 500. All sera positive in the first Ab screening and negative in single-antigen tests were consequently termed negative. For determination of DSA the HLA genotype of heart donors was obtained from the German Trust of Organ Transplantation (Deutsche Stiftung für Organtransplantation; DSO). AT1R-and ETAR-Abs were quantified using ELISA employing native receptor conformation immobilized at the solid phase by CellTrend GmbH (Luckenwalde, Germany) as described previously [17, 18] . CMV diagnostic was performed by an independent and accredited laboratory with recipients EDTA-plasma samples using the LightCycler® CMV Quant Kit from Roche Diagnostics GmbH (Mannheim, Germany).
Statistical analysis
Statistical analysis was performed using SPSS Statistics software 17.0. If not mentioned otherwise, data are displayed as mean±standard deviation. Binominal data (e.g. gender, CAV status, HLA-Ab status) were analyzed using Fisher's Exact test. P-values of less than 0.05 were considered to indicate statistical significance. The non-parametric Mann-Whitney U test was used to compare differences in the mean or median of continuous variables. Univariate logistic-regression analysis was performed to identify risk factors associated with CAV. Cut-off values were calculated using Receiver Operating Characteristics (ROC) curve analysis. One-way analysis of covariance (ANCOVA) analysis was used to correlate Abs against HLA or non-HLA with CAV and treated BPAR.
Results
Patient characteristics
This study included 116 heart transplant recipients with a mean age of 58.5±12.8 years at time of transplantation. Ninety-one patients (78%) were male and the time from HTx to study begin was 8.5±4.2 years. At time point of transplantation, recipients were between 16.1 and 66.5 years old (50.0±11.5 years). Out of 116 recipients in the post-HTx period were transplanted 1-5 years (n=26), 5-10 years (n=44) and more than 10 years (n=46) ago. Almost 40% of the HTx recipients (39.7%, n=46) developed CAV identified by coronary angiography: 37 patients with CAV1, seven patients with CAV2 and two patients with CAV3. Mean donor age was significantly higher in CAV-positive recipients (45.3±10.9) compared to CAV-negative recipients (37.1±13.9; p=0.003). Gender and recipients' age had no impact on study results. Detailed demographical and clinical characteristics are given in Table 1 .
Non-immunological risk factors for CAV Diabetes mellitus, hypertension, hyperlipidemia and CMV infection occurred in 27.6% (n=32), 25.9% (n=30), 36.2% (n=42) and 47.1% (n=51) of the HTx recipients, respectively. Diabetes mellitus type I, hypertension and hyperlipidemia could not be associated with increased risk for CAV (Table 1) (Table 2 ). There were no statistically significant differences between CAV positive and CAV negative recipients regarding positivity of transplant relevant Abs. Among CAV positive recipients, 91.7% (n=22) had non-HLA-Abs: 44.1%, 38.2% and 13.0% were positive for ETAR-Abs, AT1R-and MICA-Abs. Whereas 8.7% were positive for either HLA class I or HLA class IIAbs, respectively. Furthermore, there was a trend that recipients with non-HLA-Abs developed CAV earlier (73.7±47.4mo) after HTx than recipients without these Abs (85.5±50.6mo; p=0.113). Recipients with positive Ab status, and especially recipients with HLA-Ab positivity were younger (53.5±14.5yrs and 47.0±17.2yrs respectively) when CAV was diagnosed compared to recipients without these Abs (60.0±7.0yrs; p=0.162 and p=0.104). . ANCOVA analysis revealed a significant correlation between Ab-positivity and treated BPAR for AT1R-Abs (p=0.001) and ETAR-Abs (p=0.002).
Donor specific antibodies
Three out of eight HTx recipients developed DSA against HLA class I molecules, four recipients against HLA class II molecules and one recipient DSA against both HLA class I and class II antigens, respectively. CAV was diagnosed in four HTx recipients with DSA (50%) compared to 38.9% (n=42) of HTx recipients without DSA.
Mean fluorescence intensity of HLA and MICA specificities An accumulation of positive tested specificities with MFI of greater than or equal to 5000 was observed for 16 HLA-A specificities, six HLA-B specificities and for one HLA-Cw specificity (Figure 2 A, B and C). Single antigen analysis of HLA class II and MICA showed that five HLA-DP and four HLA-DQ specificities had increased MFIs (Figure 2 D, E and F) . Analysis of MICA specificities showed that none of the tested MICA-Abs had increased mean fluorescence intensity. Some Ab-specificities occurred more frequently after HTx: 66.7% (n=6) and 55.6% (n=5) of recipients with HLA class I-Abs were positive for Abs against HLA-B46 und HLA-B76, respectively. 66.7% (n=6) and 55.6% (n=5) of recipients with HLA class II-Abs had Abs against the specificities HLA-DQ7 und -DQ8. Recipients with Ab-positivity against MICA antigens were frequently positive for MICA1 (61.5%) and MICA19 (53.8%). Fifty percent or more of HTx recipients with positivity for HLA-B46, -B76, -DQ7, -DQ8 and MICA19 developed CAV.
Acute cellular rejection
More treated biopsy proven acute rejection (BPAR) were detected in the CAV negative patient cohort compared to the CAV positive cohort ( Table 1) . Out of these treated BPAR the highest histological rejection grade post-HTx was 2R for one CAV positive patient and for two CAV negative patients. All three patients were additionally hemodynamically compromised and, therefore, treated with antithymocyte globulin (ATG). The other BPARs grade 1R in both study groups were detected during protocol biopsies and not clinical present. No histological evidence of antibody mediated rejection based on the Cd4 criterion was detected in our study cohort. 
Discussion and conclusion
The negative impact of HLA-Abs on allograft survival after heart transplantation has been demonstrated in a number of studies so far. The appearance of Abs often results in immunomodulatory effects leading to allograft dysfunction and rejection. As acute and chronic allograft rejection occasionally also occurred in HLA-identical sibling transplants, the search of transplant relevant Abs was extended to non-HLA targets, their antigen specificity and their potential pathogenicity [11] .
In this study we showed that HTx recipients developed Abs to a higher degree against the non-HLA antigens AT1R, ETAR and MICA than against HLA antigens. Panigrahi et al. [12] showed in a clinical trial with 185 renal transplanted patients that MICA-positive recipients had significant lower graft survival and a higher number of acute rejection episodes as compared to the non-sensitized group. A correlation between MICA-Abs and an increased risk for acute rejection and vasculopathy has been proved in an earlier study with 159 HTx recipients [13] . These study results including our findings are limited by the fact that only one or two posttransplant serum samples were collected and pretransplant MICA-Ab status is missing. Whereas, Smith et al. [14] measured pre-and several posttranplant serum samples of 491 HTx recipients for MICA-Abs. No negative effect of MICA-specific Abs on cardiac allograft survival, number of acute rejection episodes or CAV has been found in this trial. In contrast, recently it has been demonstrated that posttransplant donor specific antibodies (DSA) MICA antibodies may be associated either alone or in combination with anti-HLA-DSA with antibody mediated rejection (AMR) in some cardiac allografts [15] .
Despite MICA-Abs there is a number of non-HLA-Abs, like Abs against AT1R-and ETAR, that are relevant to allograft dysfunction and rejection. AT1R-Abs were studied for the first time in a cohort of 33 kidney-transplant recipients with refractory vascular rejection [16] . It was hypothesized that an AT1R-mediated pathway may contribute to refractory vascular rejection. A following study detected a strong association between the presence of AT1R-Abs and AMR in kidney transplanted recipients whose sera contained no antibody to donor HLA or MICA [8] . A recent pilot study in a small cohort with 30 recipients in the first year after HTx showed a correlation of elevated levels of AT1R-Abs and ETAR-Abs with early onset of microvasculopathy at month 12, and graft loss following HTx, implicating relevant effects on post-transplant morbidity and mortality in that study [10] . Higher levels of AT1R-and ETAR-Abs were observed in patients with acute cellular rejection and antibodymediated rejection at months 1 and 12 post-HTx [10] . In our large maintenance HTx recipients (n=116) cohort we observed a correlation of AT1R-and ETAR-Abs with subclinical treated BPAR rejection (ISHLT 2004 grade 1R). This finding confirms the results of Raichlin et al. [3] who found a strong influence of recurrent cellular rejections on the incidence of CAV. Thus, it might be explained that cellular rejections trigger an inflammatory process which further stimulates antibody production especially against AT1R-and ETAR resulting in CAV. Moreover, this constellation might accelerate progression of CAV as we observed that recipients with non-HLA-Ab developed CAV earlier than recipients without these antibodies. Thus, it could be speculate that especially HTx recipients with subclinical BPAR and elevated AB-levels of AT1R-and ETAR develop CAV and, therefore, should consequently be treated.
In
clinical complications after HTx. We found that a high percentage of HTx recipients with DSA developed CAV. Our study confirmed the necessity for HLA-Abs monitoring after transplantation in order to detect the appearance of DSA and the risks involved in CAV development. A regular monitoring of post-transplant DSA for identification of recipients at risk of allograft failure was recommended earlier. For example, a large retrospective study about 250 HTx recipients that were screened pre-and post-HTx for HLA-Abs and DSA showed that de novo-production of DSA after transplantation is associated with poor graft survival [17] . A strong correlation between the development of DSA and adverse outcome after HTx in a study including over 200 recipients [18] , but results are limited by the fact that sera were tested only once after HTx by ELISA detection.
Furthermore, we identified HLA-and MICA-Abs specificities, whose appearance was accompanied with an increased risk for development of CAV. Our study is the first that identified and described high MFI and frequently occurring Ab specificities that may be involved in CAV progression and development in a larger study cohort. Studies including single antigen analysis of HLA-and MICA-Abs are rare to our knowledge, possibly caused by the lack of a standardized MFI analysis. The MFI has been suggested to be a determinative factor but the MFI determining the border between positive and negative reactions differs between centers and amongst studies [19] . PRA-screenings of HTx recipients alone are not conclusive enough to identify recipients with increased risk for graft rejection or developing CAV. Thus, it is necessary to monitor Abs-specificities of sensitized patients in further studies to clarify the role and influence of single Ab specificities on CAV development.
Despite immunological events, there are a number of non-immunological factors that have been implicated in the pathogenesis of CAV such as donor factors, viral infection, immunosuppressive drugs and metabolic risk factors [20] . Among these factors donor's age was identified as risk factor for CAV. This result is in accordance with a retrospective analysis of almost 40,000 patients comprising study of the United Network for Organ Sharing heart transplant database that assessed the association between donor variables and the onset of CAV for adult recipients and found that older donors conferred a higher risk of developing CAV [21] . But not only donor age has an influence on CAV development, younger recipient's age in combination with positive Ab status could be associated with CAV in our study, most notably when HLA-Ab status was positive.
CMV infection is believed to play a key role in CAV progression, possibly through its complex interaction with the host immune system and immunomodulatory effects [20, 22] . In our study CMV seropositivity was not associated with CAV and did not correlate with an increase of Ab status. For diabetes mellitus type I, hypertension or hyperlipidemia no correlation with CAV or Ab positivity was found in our study. We analyzed the impact of immunosuppressive drugs on CAV at time of HTx and found, that initial treatment with TAC after HTx seems to be involved in CAV progression. A more pronounced progression of CAV in TAC treated HTx recipients compared to CsA treated recipients was also obtained in a prospective study by detecting CAV with intra-vascular ultrasound (IVUS) in the first year post-transplant [23] .
The concomitant statistical significance for an initial treatment with cyclosporine A (CsA) can be attributed to the fact, that initial immunosuppressive regimen after HTx consist administration of either CsA or TAC. It is standard in our center to convert immunosuppression of patients with CAV to the mTOR-inhibitor everolimus to prevent or retard the development of CAV and to improve longterm survival as already recommended by other groups [3, 24] .
In summary, this study identified a number of factors that are linked to CAV after HTx, and consequently gave rise to reduced graft and patient survival. Despite donor and recipient age, the presence of non-HLA-Abs after transplantation, DSA to mismatched HLA and initial immunosuppressive therapy with TAC after HTx were identified as risk factors for cardiac allograft survival in our study. We could show for the first time that non-HLA-Abs against AT1R and ETAR are connected to the development of CAV and subclinical acute rejection after cardiac transplantation and may therefore serve as markers to identify patients with increased risk for allograft failure in consequence of CAV.
A comprehensive monitoring of transplant-relevant Abs before and after HTx may help to evaluate the individual risk for CAV. Thus, we suggest a comprehensive monitoring should comprise analysis of sera before transplantation, in the first year after HTx and continuously at least once annually. The screening should involve quantification of AT1R-and ETAR-Abs, detection of DSA and MFI analysis of HLA-and MICA-Ab specificities. Furthermore, a functional testing for HLA-Abs, like analysis of C1q-binding Abs will further help to identify complement fixing DSA. Prospective clinical studies with well-defined cohorts and careful analysis to different immunosuppressive protocols as well as to BPAR may help to elucidate the complex correlations of immunological and nonimmunological risk factors for CAV. Research involving people and/or animals is in full compliance with current national and international ethical standards.
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